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SP~cTROScopIc INVESTIGATION OF H- AND D- ION SolJRcE pLASfIIAS*

H. Vernon Smith, Jr , Paul Allison, and
Roderlch Keller+, AT-2, MS H818

Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Several H I (Balmer), Cs I, Cs II, and Mo I lines emitted by the
small-angle source and 4X source plasmas are studied. After correct-
ing for Stark broadening, the Ha line width gives the H-atom temper-
ature kTHO. After correcting for Doppler broadening, the Ho and Ha
line wldth~ give the electron density ne. For pulsed o eration of

!both sources, kThO Is 1.5 to 2 eVand n Is 1 to 2 x 10 4/cm3, with
kTHo and ne scaling approximately with !he square root of the dis-
charge current. For the 4X source operated on D2, kT o and ne are

7near the values of kTHo and ne obtained for H2 operat on. Assum!ng
that the H-/D- Ion temperature equais the H/D-atom temperature, we
deduce a lower llmtt to the H-/D- beam emlttance.

INTRODUCTION

The Penntng surface-plasma source (SPS) provides a bright H- ion
beam for accelerator applications.1 Knowledge of the plasma param-
eters of this source may prove quite valuable In developing a theo-
retical model of It and in understanding its performance llmlts.
In our Inftlal studya of the plasma parameters of the Penning SPS
discharge using quant!tatlve opttcal spectroscopy, we looked only at
the 4X sol]rce~ttd!scharge. The approximate plasma density, H-atom
temperature, and electron temperature for only one set of discharge
parameters for each or the three, pulsed-source plasma modes were
determined. In this work we look ~nmore detail at two of tne 4X
source discharge modes by vary!ng the discharge parameters over a
range of condltfons, plus we study the small-angle sources (SAS)
over a wide range of Its operatlog parameters. He also take a brtef
look at the operation of the 4X source on deuterium. A preliminary
report of the present work fs given elsewhere.t

EXPERIMENTAL APPARATUS AND METHOD

Bec&use the experimental method Is discussed tn Ref. 2, only a
;;;;f suffxnary,lncludlng changes in the procedure, wtll be given

A schematic of the experimental apparatus 1s shown ~n Fig, 1.
The discharge llght emitted from the source passes through a quartz
v~cuum window and 1s Imaged with a lens onto the monochromator
entrance silt. The monochromator silts are set for 0,01-nm full

‘blorkperformed under the auspices of the U.S. Dept. of Energy and

+
upported by the U.S. Army Strategic Defense Command.
Permanent address: GSI, Darmstadt, Hest Germany.
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the 4X source and the
test stand (not to

Upper: experimental arrangement of
l-m monochromator on the lon source
scale). The distance from the ‘n!sslon aperture to the
l~ns Is 67 cm; to the monochrof~tor, 107 cm.

Lower: horizontal (top) and vertical (side) sections of
the 4X source plasma volume. Only a small portion
(hatched area) of the arc region is examined with the
monochromator.

half-width instrument broadening. The photomultlpller tube (PMT)
current I MT is measured at a preselected time during the l-ms-

[long disc arge pulse by using a gated sample-and-hold clrcult,
Th~s signal !s then fed to the input of a strip-chart recorder.
Because the strip-chart recorder and monochromator grating drive
are dr~ven at known constant speeds, the horizontal (time) axis 1s
oas~ly converted to wavelength, Sample recorded H , Ho, H , and H6
lfne shapes are shown in F!g. 2. The time require~ to rec~rd each
curve In Ftg. 2 was 1 min. The source pulsed-discharge repetition
rate Is 5 Hz; therefcre, each curve ts constructed from 300 dts-
charge pulses.
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Fig. 2. H , HO, H , and H6 Balmer line prof~les recorded far a
1!!2A, kio~eII discharge In the 4X source. The Lorentzlan
(dashed) and Gauss!an (dotted) curves have the same !’alf-
widths as the measured profiles and are included for com-
parison purposes eilly.

The 4X source wI1l operate In three dlstlnct pulsed H discharge
modes (Table I of Ref. 4). 6Mode I has discharge voltage D= 300v,
with a 1500-G magnetic field and 2.2 T1/s H2 gas flow. At 29-keV
sxtract!on voltage, Mode I produces a maximum H- beam current of
llOmA, havlng*25% beam noise; Mode II, VD~ 120V, 1500G,
2.9Tl/s, 120nMof H-at 29keVwlth *20% beam no!se; and Mode 111,
VD = 500 V, 700 G, 3.3 T1/s, 70mA of H- at 29 keV wlth~kl% beam
no!st. We study two of these 4X source modes, Modes II and III, in
this work. Hhen the 4) sourc~ pulsed dtscharge is run orID gas, It
ciperatesIn Mode 11. fThe SAS, with Its fixed arc magnetic ield,
also operates in Mode 11.

For each set of discharge conditions studied, we recorded the
llne profiles of the Ha, H , H

!1
, and H lines with O.01-nm instru-

!ment resolution and the in egr ; line ntensities of several Cs I,
Cs 11, and Mo I lines (Table I of Ref. 2) with 0.05-nm instrument
resolution. The electron temperature kTe (determined from one
ionization state of an element) is calculated from

kTe-(E~-Ei)/ln[(A~g~AiIIKi)/(Ai9iX~I~K~)l (1)



where Ei and E are the transition energies for two different lines;
JA the transiti n probabilities; g the statistical weights; A the

wavelengths; I the recorded Integral l~tensitles; and K the calibra-
tion factors. More details of this calculation are given In Ref. 2.

The measured hydrogen llne profiles result from a convolution
of Stark broadening, related to the electron density (~on-dynamtcal
effects’ further increase the Stark broadening of Ha); Doppler
broadening, caused by the motion of radiating atoms; instrument pro-
file; and the f!ne-structure splltting of the sublevels. For Ha
profiles, a fine-structure correction curve Is calculated following
the procedure of Ref. 8, considering all seven sublevel positions.
The fine-structure splltting fs negligible for the other H-Balmer
series profiles.

To separate Stark and Doppler broadening, a general tendency can
be explolted: Doppler broadening scales proportionally to the wave-
length of the observed lines; thus, Ha shows the largest Doppler
broadening effect of the llnes we examine. Stark broadening Is
larger for H and H than for H and H (Ref. 9;. Therefore, Ha

!!and H shoul be be ter suited ?or at~!c temperature determinations;
HO an~ H6, for electron density measurements. However, we find that
Hy has anomalous Lorentzian broadening (see below), so we do not use
HY in any of our plasma-parameter determinations.

The actual unfolding procedure uses the tabulated Voigt function
parameters.io Knowing the total width and the width of either a
Gaussian or a Lorentzian profile, one can Immediately look up the
width of the other profile. Hydrogen Stark profiles have nearly
Lorentzian shapes, whereas Doppler- and instrument-broadening
effects produce Gaussian shapes. The instrument profile half-width
Is subtracted from the Doppler-broadening half-width by assuming
they add quadratically. For the two 4X source deuterium measure-
ments, we use the deuterium Doppler broadening, and we use the Ha
fine-structure correction for D . For the D , Do, and D6 Stark-
broadenlng corrections, we use ?he Ha (Ref. ?1), HG (Ref. 9), and H6
(Ref. 9) values, respectively.

An iterative procedure is used to unfold the H-atom temperature
and electron density from each set of Ha and HA measurements. Typi-
cally, four passes are required for kTHo and ne to converge. The
kTHo deduced in thfs manner Is userito correct the Ho line for
Doppler broadening, and the resulting H Stark broadening Is used
to obtain another value for ne. 1!Only t e HA n values are used for
the SAS (Fig. 6) because only in a few cases d~d we record the SAS Ho
line shape. The rms devlatlon of the two values for rlefound from
HO and H is 5X.

!
Thus, we have good confidence in our values for ne

deduced rom the hydrogen Balmer line shapes.
He have somewhat lower confidence in our kTHO values because of

the uncertainty in the theoretical knowledge of the Stark broadening
of Ha. It is well known7 that treating the Ion motion in the static
approxi tion leads to underestimating the Stark broadening of H for
n- Tt10 /cm3 by about a factor of 3. To account for the ion mo?!on
(!he “~on-dynamical effect”), Steh14 and Feautrlerl~ use the impact
approxlmat!on: we use their results In correcting our recorded Ha



line shapes for Stark broadening. However, Kelleher12 has performed
a calculation of Ion dynamical broadening for Ha using a computer
code that calculates the ion-generated perturbing fields usin Monte
Carlo techniques. !For kTH+ = kTe = 1 eV and ne = 1 x 10’4/Cm ,
Kelleher’s prediction for the FWHM of H Is 0.0089 nm, about 54%of
Steh16 and Feautrier’s 0.015 nm. If Ke~leher’s prediction Is used,
our values of kTHO deduced from the Ha line Increase by 30%, the
values of ne deduced from Ho decrease by 15%, and the values of ne
deduced from H~ decrease by 5%. Thus, the theoretical uncertainty
in the Stark broadening of Ha causes -30% uncertainty in our values
for kTHO and -10% uncertainty in our values for ne. lienote that
the H-atom temperatures we report here (deduced from H=) are for the
n = 3 excited state. lieassume that the H-atom temperatures for the
ground state and n - 3, 4, and 6 excited states are identical. lie
do not use the recorded H line shapes for any determination of tile
source plasma parameters ~ecause every HY line shape we record Is
almost entirely Lorentzian in shape (Fig. 2), despite its expected
Doppler (Gaussian) shape. From Griem’s tabulation of Stark widths,g
HY is expected to have a very small Lorentzian half-width (about
0.01 rim).However, we observe HY has approximately O.1-nm Lorentzian
width. Evidently ion-dynamical effects are very Important for Hy.
An investigation of this possibility is under way.~z In our
analysis, we assume local thermal equilibrium (LTE) and Maxwell~an
particle veloc~ty dtstrlbutions. These assumptions may not be valld.

RESULTS AND DISCUSSION

The deduced H-atom temperature vs discharge current for the 4X
source is shown in Fig. 3; for the SAS, in Fig. 4. The electron
density vs discharge current for the 4X source and SAS is shown In
Figs. 5 and 6, respectively; the electron temperature vs discharge
current, in Figs. 7 and 8. One of the most striking features of the
results is the wide variation of the electron temperatures calculated
from the Mo I, Cs I, Cs II, and H I integral line intensities. For
the 4X source (Fig. 7), there is little variatlonofkTe with I ,
and the average values for kTe descend from 0.7 eV, for the Mo i’
results; to 0.6 @V, for Cs 11; to 0.5 eV, for Cs 1; to 0.2 eV, for
H I. This general trend seems tc hold true for the SAS as well
(Fig. 8). This varintion of kT with emitting species (hydrogen and
cesium are purposely added to !he source discharge, whereas the
molybdenum comes from the sputtering of the molybdenum cathode mate-
rial) probably indicates that the electron temperature distribution
is not a simple Maxwellian.

The SAS has one primary mode of operation characterized by the
discharge voltage being about 100 V--this corresponds most closely
to Mode II for the 4X Source. The electron density vs Id measure-
ments for the SAS (Fig. 6) ~re all for this 1OO-V discharge mode.
The SAS electron density varies approximately as the square-root of
1.
f

The same data for the 4X source, plotted in Fig. 5, are primar-
i yfor what we have ter’medModes 11 and 111. For completeness, on
Fig. 5 we have included the four points we reported !n Ref. 2.
There appears to be a real difference between the pldsma state of
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Fig. 3. H-atom temperature vs dlscharqe current for the 4X source.
The triangle Is for Mode I, filled squares are for Mode
II, and open squares are for Hode III. The filled c~rcles
are for a Mode II deuterlum discharge. Four points from
Ref. 2, corrected as discussed fn the text, are In luded
In this figure. ~2The curve labeled kTHo= 0.15 Idl 1s
Included togulde the eye.

Modes 11 and III. Mode III appears to have a nearly llnear depend-

~~2 dependence, wh!ch !~rn?d~n~~~s!kd at
ence of ne on Id, as one w ld naively expect.
appears to have about a Id
present. We observe *40% fluctuations on the discharge voltage and
*ZO% fluctuat~ons on the H- current from ~de II, but <ii% flu~tua-
tfons of these parameters for Mode III. This leads us to speculate
that plasma turbulence effects may exist In Mode II but not Ill
Mode III (Ref. 2). These hypothetical plasma-turbulence effects may
also cause anomalous plasma 10s!93 hence the nonllileardependence
of ne on I

t
for Hode II. The Id ‘dependenceof ne for the SAS

suggests t at plasma-turbulence effects may be tmportant In that
source also. Comparing the kTe and kTHo vs I curves for the SAS

f(Figs. 8 and 4, respectively), at the lowest d, kTe ~ kTHo, as
It !s for most plasmas. However, for discharge currents ~40 A,
kTHO > kTe, dtfflcult to understand unless our determination of kTe
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H-atom temperature vs discharge current for the
SAS. The curve labeled kTHO = 0.23 Idl/2 is
Included to guide the eye.

or there Is anomalous heating of the atoms such as
turbulence heating.

Despite the apparent difference In plasma state between Modes
II,~~d III, the 4X source H-atom temperature appears to depend as
I
i!

‘“ on the discharge current (Fig. 3), with the points from Modes
I and III lying near the same curve. Use of the Steh14 correc-
ttollllto the Stark broadening of Ha leads to the pulsed results In
Rsf. 2 belnq lowered an average of 28% for kTHo and raised an aver-
age of 17% for ne. The corrected kTHo and n values are plotted
on ~!gs, 3 and 5. The SAS kTHo vs Id curve ?Flg. 4) also appears
to follow approximately an Idl/2 dependence, but the scatter ~n the
data is larger than that for the 4X source.

On Figs. 3 and 5 we have also Included the results of two
measurements on deutertum discharges In the 4X sourc~. One point
\s for a low arc current, cw d~scharge (1 = 1.3 A); the other for a

!high arc current, pulsed discharge (Id = 58 A). The II-atomtemper-
atures deduced from these two measurements are close to the H-atom
temperature curve shown tn Fig. 3. The maximum D- current we have
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Electron density vs discharge current for the 4X source.
The legend for the points Is given in the caption for Fig. 3.
Four points from Ref. 2, corrected as discussed in the text,
are Included in this figure. The dashed straight line
through the M de II points, as well as the curve labeled
ne=0.12~10 ?4 Idljz ,S Included to guide the eye.*

obtained from the 4X source at 29-keV extraction voltage is 55 d
for arc conditions that are not toodlfferent from tho~e for which
the 158-A deuterlum spectroscopymeasurements were made.

For pulsed operation of both the SAS and the 4X sources at thefr
normal discharge currents of 150 A, the H-atom temperature ~s about
2 eV, considerably larger that the -().3eV reported for the conven-
tional duoplgatronl’ and the bucket source.13~14 Perhaps the rela-
tively high H-atom temperature for the SAS and 4X sources Is due to
turbulence heating.

If the H- lon temperature equilibrates with the H-atom tempera-
ture,a then we can compare the H- Ion temperature deduced from the
spectroscopy measurements with that deduced from the SAS and 4X
source4 emittance measurements. To get the effective H- temperature
from the two-dlmenslonal, rms em~ttance Crms we usels

~rms = R(kTH-/Mc2)1/2/2 (2)
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Fig. 6. Electron density vs dlschar e current for the SAS. The
!curve ne = 0.11 X 1014 Idl/ Is Included to guide the eye.

where R 1s the emission aperture radius and M is the negative IOF
mass. The H-ID- current, current density, at,dIon temperature
values are given In Table I. We note that the kTH- values deduced
from the spectroscopy measurements are considerably below the values
deduced from the emlttance (phase-space) measurements. This differ-
ence can arfse from either the H- Ion temperature being much larger
than the H-atom temperature (nonequlllbrlum, despite our estimate)
or from effects other than temperature contributing to Crms. These
effects can Include aberrations In the extraction system, perveance
fluctuations In the extraction gap, dispersion of the H- Ions In
the source magnetic field, and nonlinear space-charge compensation
effects in the H- beam transport. He think that the ftrst two
effects are ltkely to be much more Important than the latter two.z~.
Using the spectroscopy value for kT In Eq. (2), we determine a lower
limlt to Crms for the 4X source and the SAS. These limlts are
0.0044 and 0.0093 wOcm*mrad respectively, considerably below our
lowest measured ~rms for these sources, 0.011 and 0.018 wocmemrad.

Finally, althcugh we have not made emlttance measurements of
the D- beam from the 4X source, from the spectroscopy measurements
we deduce that kTHo and kT~ are approximately equal. If kT@ =
kTH- and kTDo = kTD-, then we would expect ~rm~ for D- to be
IuO.7~rms for H-.
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Fig. 7. Electron temperatur~ vs discharge current for the 4X
source. The legend for the points Is given on the figure.

TABLE I Current, current density, and Ion temperature values

kTH- kTH-
Source Spe;;;;::opy Pha;se;; ce

(Discharge I- ~- B

Ion Mode) (m) (mA/c#) (eV) (eV)

H- 4X (1) 110 480 1.5 15

H- 4X (11) 100 437 1.9 25

D- 4X (11) 50 218 2.1 .-

H- 4X (111) 67 293 1.0 6.2

T SAS (11) iiir 2800 2.0 6.6

aAssunws kTHo eqUa15 kTH-.

bcalculated fr kT _ 4 ~rm2Mc2/R2 for 4)(source al]d
TkT = 3 crm~2Mc /a2 for the !AS (Ref. 15).
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CONCLUSIONS

For pulsed operation of the 4X and small-angle sources, kTHo
Is 1.5 to2 eV and ne Is 1 to2 x 1014 cm-3. IfkTHogfves a true
lnd!catlon of the H- ion temperature in the source plasma, then a
factor of 1.8 to 3.6 reduction In the H- beam emittance may be
posstble.
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